The quantification of the sources and sinks of elements to the oceans forms the basis of our understanding of global geochemical cycles and the chemical evolution of the Earth's surface. There is, however, a large imbalance in the current best estimates of the global fluxes to the oceans for many elements. In the case of strontium (Sr), balancing the input from rivers would require a much greater mantle-derived component than is possible from hydrothermal water flux estimates at midocean ridges. Current estimates of riverine fluxes are based entirely on measurements of dissolved metal concentrations, and neglect the impact of riverine particulate dissolution in seawater. Here we present 87 Sr/ 86 Sr isotope data from an Icelandic estuary, which demonstrate rapid Sr release from the riverine particulates. We calculate that this Sr release is 1.1-7.5 times greater than the corresponding dissolved riverine flux. If such behaviour is typical of volcanic particulates worldwide, this release could account for 6-45% of the perceived marine Sr budget imbalance, with continued element release over longer timescales further reducing the deficit. Similar release from particulate material will greatly affect the marine budgets of many other elements, changing our understanding of coastal productivity, and anthropogenic effects such as soil erosion and the damming of rivers.
Introduction
Continental weathering and erosion is the primary control on the transport of material from the land to the oceans, and a major component of the cycles of many elements on the Earth's surface. The bulk of this material is transported to the oceans by rivers. Ocean chemistry is commonly modelled as a combination of these riverine fluxes, hydrothermal exchange at mid-ocean ridges, and sedimentation coupled to burial (Riley and Chester, 1971) . Strontium is among the best constrained of the global element cycles over geologic time due to the facility of measuring its isotopic composition, its significant temporal isotope variations, and its preferential incorporation into marine carbonates. The ratio be-Seawater 87 Sr/ 86 Sr has been increasing at a rate of 0.000054
Myr −1 in the Neogene and Pleistocene (Henderson et al., 1994; Hodell et al., 1989) . There is a current discrepancy in our scientific understanding of the global Sr cycle, as mass balance calculations indicate that the current input of radiogenic Sr from the continents, assumed to only be transported in dissolved form to the oceans, cannot be balanced by unradiogenic Sr originating from hydrothermal exchange with oceanic crust to satisfy the observed rate of 87 Sr/ 86 Sr change. The global average dissolved riverine 87 Sr/ 86 Sr input is approximately 0.7136 (Allègre et al., 2010) while Sr liberated during hydrothermal exchange has a ratio of 0.7029 (Albarède et al., 1981) . To balance the input from the world's rivers, the hydrothermal flux would need to be 4-20 times higher than current estimates (Davis et al., 2003; Hodell et al., 1989; Palmer and Edmond, 1989; Vance et al., 2009) . A number of mechanisms have been proposed to reconcile this apparent flux imbalance. One possibility is a deglacial weathering pulse that has yet to decay, which means that current dissolved riverine measurements would not be representative of the average over a time period greater than glacial/interglacial cycles (Vance et al., 2009 ). Potential missing fluxes of unradiogenic Sr include groundwater inputs from volcanic terrains (Allègre et al., 2010) and off-axis exchange with oceanic crust (Elderfield and Gieskes, 1982) , with the latter considered to be of insufficient magnitude to play a considerable role (Davis et al., 2003) . Recent estimates suggest that rivers transport between 15-20 Gt yr −1 of suspended material to the ocean each year (Peucker-Ehrenbrink et al., 2010; Walling, 2006) , considerably greater than the dissolved riverine and aeolian fluxes combined . Traditionally it has been assumed that this particulate material undergoes little additional weathering in seawater, because dissolution rates are reduced at low temperatures and because burial is thought to rapidly isolate sediment. Nevertheless, some dissolution of riverine particulate material in the oceans is inevitable, depending upon the saturation states of minerals in seawater, particulate surface area, temperature, and prior weathering history. Experimental determinations of basalt dissolution rates covering the pH and temperature range of modern seawater suggest that ∼0.05% of basaltic particulate material could dissolve in seawater each day, with potentially profound impacts on seawater chemistry (Gislason et al., 2006) . More recently, laboratory experiments have shown that there is substantial release of both soluble elements (such as Sr) and insoluble elements (such as Nd and other REE) from riverine particulates to seawater over a timescale of days to months (Jones et al., 2012a; 2012b; Pearce et al., 2013) . Field evidence also indicates that the dissolution of particles is a significant part of the Nd cycle (e.g. Lacan and Jeandel, 2005; Arsouze et al., 2009) , including large submarine fans such as from the Ganges/Brahmaputra (Singh et al., 2012) . For more soluble elements such as Ca, Mg, and Sr, it is more difficult to observe such release in natural environments. This is due to both their elevated concentrations in seawater, which are several orders of magnitude greater than those in the water arriving from estuaries, and the effects of contemporaneous precipitation of secondary minerals and ion-exchange as river-transported particles attempt to equilibrate with their new surroundings (Jones et al., 2012a) .
Here we present Sr elemental and isotope ( 87 Sr/ 86 Sr) data for riverine particulates from a basaltic catchment, tracing their pathway from the Hvítá River into the Borgarfjörður Estuary in western Iceland (Fig. 1 ). This catchment is well suited for the study of seawater-particulate interaction as it has sparse vegetation, poorly developed soils, a stable climate, and a relatively homogeneous basaltic geology (cf. Gislason et al., 1996) . High physical erosions rates result in the delivery of readily weathered material with a high surface area. The estuary is <2 m deep over the first 5 km from the river mouth and is consequently tidally-dominated and both vertically and horizontally well mixed. The shallow depth results in a high particulate-water ratio, maximizing both the likelihood of continued particulate weathering, and a detectable chemical response in the estuarine waters. The estuary has a natural narrowing, enhanced by Borgarfjörður Bridge at Borgarnes (Fig. 1) ; consequently sediment input from outside the catchment is minimal. Previous work on this catchment has demonstrated a distinct difference between the particulate and dissolved compositions of several isotopes and elements including Sr (Jones et al., 2012a; Pearce et al., 2010; Pogge von Strandmann et al., 2008) . Crucially, Li isotope data indicates that the river-derived particulates have experienced weathering in this estuary, including both primary phase dissolution and secondary phase precipitation (Pogge von Strandmann et al., 2008) . This study focuses on particle dissolution in a volcanic estuary for a number of reasons. Estimates suggest that humid, young, and mountainous regions account for 40% of the global dissolved flux and >60% of the suspended particulate flux, despite comprising just 14% of the global drainage area (Milliman and Farnsworth, 2011) . Proportionally, volcanic terrains exert a much greater global influence on particulate fluxes to the oceans than expected from their geographical extent, due to the combined effects of high relief, high runoff, the presence of rapidly weathered volcanic rocks, and the absence of sedimentary traps (Milliman and Syvitski, 1992) . The dissolution rates of primary basaltic minerals are, generally, an order of magnitude or more rapid than those of granitic, metamorphic, or recycled sedimentary minerals Gislason and Oelkers, 2003; Wolf-Boenisch et al., 2004; Gudbrandsson et al., 2011) . Moreover, particulate material delivered from volcanic islands typically undergoes little weathering during riverine transport due to rapid transit to the oceans, so they are particularly susceptible to dissolution once they arrive in coastal waters. Hence, elemental release from basaltic particles could potentially account for the imbalances identified in the global cycles of a number of elements. For strontium, the 87 Sr/ 86 Sr isotope composition of basaltic particulates is less radiogenic than seawater, and thus may potentially account for at least part of the apparent shortfall in the marine Sr budget.
Methods

Sampling
Three field excursions were conducted in the Borgarfjörður-Hvítá catchment in 2003, 2008, and 2011 . Samples were collected in transects along the estuary across the mixing zone of fresh and saline water at high tide (see Fig. 1 ). The sampling methods from the 2003 field excursion are summarized in Pogge von Strandmann et al. (2008) . This sample suite, collected from the Hvítárvellir Bridge to beyond the estuary mouth, represents a range in salinity from riverine water to close to that of pure seawater. Fluid, suspended particles, and some colloid samples were collected. The 2011 transect also started at Hvítárvellir and collected a higher density of samples across the mixing zone, finishing at the bridge at Borgarnes. Surface water samples were collected at a depth of 30 cm, with the exception of sample Bo8b, which was taken using a Niskin sampler at a depth of 2 m (bottom water at this location). Conductivity and temperature were measured on location. The samples were brought to the laboratory the same day and filtered using a peristaltic pump through a 0.2 μm cellulose acetate membrane filter. The samples were then subdivided prior to analysis. The filters were rinsed through with de-ionized water, dried then weighed to estimate the suspended fraction concentration. While most of the salts are removed by this sample treatment, a slight contamination from residues cannot be discounted. The 2008 transect collected bedload material that has been the focus of previous investigations (Jones et al., 2012a; Pearce et al., 2013) . The sample locations matched those of the locations in 2003. In the shallow parts of the river and estuary, samples were collected from exposed sandbanks or using a corer to collect material from the top 20 cm of the sediment. In deeper water, samples were collected using a weighted bucket dragged behind the boat over a distance of ∼10 m. Repeat passes were conducted to collect sufficient material, which were then homogenized prior to splitting into sample containers. All samples were dried at 40 • C immediately after collection but no other processing was performed.
Chemical analyses
The filters and particulate material were flushed with 1 L of de-ionized water and dried at 40 • C before digestion in 20 ml Savillex ® containers at 120 • C for 72 h using 2 ml 15 M HNO 3 .
After digestion, samples evaporated to dryness at 75 • C and rediluted to 2% HNO 3 prior to elemental analyses. The elemental compositions of these samples after digestion were measured in a Thermo Finnigan ® ELEMENT XR at the GET in Toulouse, France.
An In-Re spike was used for calibration purposes, and the total blank contributions (including blank filters) were negligible for the elements presented in here compared to sample concentrations. 
Mixing calculations
This study focuses on the Sr isotope compositional evolution in Borgarfjörður estuary as river water mixes with seawater. The 87 Sr/ 86 Sr ratio of the estuary water in this system, if it was controlled by the mechanical mixing of two sources (the dissolved Sr present in the river and in seawater) would be given by: ) river is from the 2011 Hvítárvellir sample, which is a typical composition for the Hvítá river, based on monthly spot sampling . f river refers to the fraction of dissolved riverine-derived Sr in the water, calculated from dissolved Cl concentrations:
where the suffixes est, sw and river refer to the estuarine sample, the river end-member, and the seawater end-member, respectively. The first part of the equation calculates the relative masses of the two water bodies, which is effectively ∼1 in the low salinity mixing zone. The second part of the equation is a substitute for (
), a pragmatic proxy due to the close proximity of the dissolved riverine Sr concentration to the analytical detection limit. This results in high uncertainties, the Sr concentration from sample
HvA is 3.58 ± 0.51 μg/L. The Cl concentrations are several orders of magnitude greater than the analytical error, minimizing this uncertainty as long as both Sr and Cl are close to conservative in the their total concentrations. The degree to which the Sr composition of Borgarfjörður estuary water is consistent with the mechanical mixing of the dissolved Sr in the river and the seawater will be assessed in detail below.
Results
The measured element concentrations and 87 Sr/ 86 Sr ratios of all collected fluids are shown in Table 1 . The variation of estuary water Sr concentrations are plotted against the corresponding Cl concentrations in Fig. 2 . The solid line in this figure illustrates the mechanical mixing line between river and sea water. Both sample sets plot close to the mechanical mixing line, with a slight suggestion of a net removal of Sr in the low-salinity part of the mixing zone. Fig. 3 . The solid curve in this figure illustrates the Sr isotope compositions consistent with the mechanical mixing between river and estuary water as calculated using Eqs.
(1) and (2). Although the estuary water total Sr concentrations plotted in Fig. 2 suggest close to conservative mixing of river and sea water, their 87 Sr/ 86 Sr ratios deviate markedly from simple twocomponent mixing (Fig. 3) . These same 87 Sr/ 86 Sr ratios are plotted as a function of the fraction of Sr derived from the river water component in the estuary water in Fig. 4 . The distribution of the data points shows a clear deviation from the two component mixing line. The difference between the observed and calculated two-component mixing 87 Sr/ 86 Sr values are consistently more than an order of magnitude greater than the measurement error of ±0.000012 and the uncertainties associated with assigning a value to the riverine end-member, indicating that this is a robust and sizeable deviation from simple mixing. The difference between the measured estuary water 87 709191 n.a n.a n.a n.a n.a n.a C9 N 64 n.a n.a 21 700 18 825.5 2218.9 9149.9 406.6 381.2 1125.3 155.5 6247.3 0.709194 n.a n.a n.a n.a n.a n.a C11 N 64 708699 n.a n.a n.a n.a The model curves represent the calculated deviations from this mechanical mixing, based on experimental release rates from Hvítá bedload (Jones et al., 2012a) and suspended particulates from northeast Iceland (Jones et al., 2012b) in seawater after 1-4 days. (Jones et al., 2012a; 2012b) . The results of these previous laboratory dissolution studies after 1-4 days are shown as an expected deviation from pure mechanical mixing in Fig. 5 Fig. 3 . The bedload sample 87 Sr/ 86 Sr ratios follow a similar trend as the suspended particles, but exhibit less of a seawater Sr isotope signal than the corresponding suspended particulate material. The Sr concentrations in the bedload increase away from the river mouth due to the presence of carbonate minerals (Jones et al., 2012a) . That study concluded from mass balance equations that up to 15% of the original basaltic Sr has been removed from the non-carbonate bedload.
Discussion
Estimation of the Sr fraction inputted to the estuary waters from particulate material
The degree to which Sr originating from particulate phases influences the estuarine water chemistry can be estimated from mass balance calculations. ) part = 0.703294. The total amount of Sr released from the particles to the fluid is attained by multiplying the dissolved Sr in the water by f part ; the results of this calculation are provided in Supplementary Table 1 .
Note that the quantification of the particulate material release is challenging due to the difference in element concentrations between the fresh and saline water. Consequently, the calculations induce high errors at very low salinity levels, and are swamped by the seawater signature in high salinity areas. As such, f part values are only reported over the 100 < Sr < 1000 μg/L concentration range. In this mid-mixing zone, measured 87 Sr/ 86 Sr compositions require that an average 3.98 (±2.7) μg/L of Sr be transferred from the particulates into the water. As these samples were collected at high tide, this Sr must have been liberated from the particulates to the seawater in a matter of minutes to hours. Similarly, mass balance calculations can be used to validate if the compositions of the suspended particle samples collected in 2011 are consistent with these being the source of the unradiogenic Sr required to balance the Sr composition of the estuary water. Taking account of mass balance constraints, the fraction of Sr in the particles originating from seawater (f sw ) can be calculated from: where the subscripts sample, basalt, and sw refer to values for suspended particles in the estuary, the basaltic Hvítá river end member, and the isotopic composition of seawater, respectively. As the Sr concentrations in the particles are close to constant, the total mass of Sr transferred to the estuarine waters from the particles (m Sr released ) is approximately:
where m Sr particles refers to the mass of Sr present in the particles. This assumes that the provenance of the suspended material in the mixing zone is dominantly of terrestrial origin. Therefore, these calculations were only performed up to sample Bo12 (64 • 34 N, 021
• 50 W). The depth at Bo12 is <2 m and well within the confines of the estuary, which supports the assumption that the overwhelming majority of suspended particulates in this part of the estuary originate from the Hvítá catchment. This is also the final sample site used for estimating f part above. The seawater component (f sw ) is expressed as a percentage in Supplementary Table 1 and Fig. 6 to provide a comparison with the estimates generated from the estuarine water compositions. (Fig. 6 ). Note that part of the isotopic evolution could be an artefact due to contamination from residual salts on the filter, even after rinsing with deionized water. However, the dramatic Sr isotopic evolution observed in the particulate material collected from the low salinity mixing zone, confirms that this effect is not an artefact of contamination. Logically, one would expect that if there was any deviation from the dissolved mechanical mixing line in the fjord, the particles would be more unradiogenic than their host water due to resuspension through tidal action. The change in 87 Sr/ 86 Sr in the suspended particles while maintaining a near constant total Sr concentration indicates the twoway transfer of material from and into the particles. In total, the calculations presented above, based on the composition of the suspended particles collected in 2011, indicate that 9-27 μg/L of Sr is transferred from the particles to the estuarine waters in the mixing zone. This mass is 2.5-7.5 times greater than the input to seawater by dissolved riverine transport and approximately 10-30% of the total particulate Sr concentrations. Nevertheless, these values are substantially greater than the corresponding estimates based on the analysis of the concentrations of the estuary waters. The most likely reasons for this are a longer residence time of particulates in the mixing zone compared to river water, and the formation of, and exchange with Sr-bearing phases within the estuary. Nevertheless, the dramatic compositional change in the suspended material demonstrates that the particulate fraction is the major contributor of Sr to estuarine waters through dissolution and/or exchange of Sr. The larger estimated Sr release deduced from the suspended material compositions compared to that indicated by the estuarine water compositions (1.1 times greater than the dissolved flux) may reflect the larger residence time of the particulates in the mixing zone.
The question remains as to whether the Sr released from particulates is sourced by the dissolution of or exchange from primary igneous minerals, secondary weathering phases, or even colloids. Data from Hvítárvellir suggests that the Sr concentration of riverine colloids is far too low (0.06 ng/g) for their flocculation to impact seawater chemistry. However, the Sr concentration in Fe-Mn oxyhydroxides (1.8-2.4 μg/g) suggests that these phases may be a significant source, consistent with the observed effects on 234 U/ 238 U activity ratios (Pogge von Strandmann et al., 2008) . for the reincorporation into the solid phase can be gained from Fig. 7 , which illustrates the Sr/Al ratio against the Ca/Al ratio for the bedload particulate material. These concentration ratios plot as a near linear function of one another with a slope of 0.028. This linear dependence suggests that the re-incorporation of Sr into the solids is due to its co-precipitation with Ca. It seems likely that this precipitating phase is calcite, given its high concentrations in these sediments (Pearce et al., 2013) . The fact that this linear correlation is offset from the origin by 0.6 Ca/Al implies that a substantial fraction of Sr in the particulate material is hosted by non-carbonate phases (such as silicates).
Global implications
These findings have far-reaching implications for the global element cycles. On a catchment scale, the Hvítá River has a mean discharge of 89 m 3 s −1 , with an annual particulate suspended flux of 200,600 t and a dissolved Sr flux of 9.54 t yr −1 , based on monthly monitoring . The results described here indicate that a further 10.4-71.5 t yr −1 of Sr will be transferred to the estuarine waters from particulates, assuming a linear covariance between the dissolved and suspended flux throughout the year. In this case, the overall 87 Sr/ 86 Sr composition delivered to the ocean (both riverine dissolved and that from particulate dissolution) is calculated to be between 0.70345 and 0.70391, rather than the value of 0.70459 of the riverine dissolved signal alone. If this behaviour is typical for volcanic particulates worldwide, then consideration of the geographic extent of volcanic islands and basaltic terrains (as defined by Allègre et al., 2010 and Dessert et al., 2003) suggests from 42 and 291 × 10 9 g yr −1 of Sr could be released in this way. This release could account for between 6 and 45% of the current perceived imbalance in the marine Sr budget, which is of comparable magnitude to the contribution from hydrothermal exchange (Davis et al., 2003) . Estimates of annual fluxes based on summer spot sampling from this catchment gave the dissolved Sr flux from Hvítá as 37 t yr −1 (Pogge von Strandmann et al., 2008) , underlining the sensitivity of these calculations to the conditions at the time of sampling. Crucially, these calculations only take into account the initial release of Sr in the estuary; whereas reworking of the sediments is likely to continue to react over much longer periods (e.g. Aller, 1998) , as verified by the experimental evidence (Jones et al., 2012a; 2012b; Pearce et al., 2013) .
While these results are conclusive field evidence of 'proof of process', there is some degree of uncertainty associated with the magnitude of this flux, especially when scaled up to a global process. Therefore, these may not necessarily be a fair reflection on the annual fluxes. There are considerable climatic differences between Iceland and other basaltic provinces and outcrops worldwide, which would result in varying degrees of weathering, soil formation, and denudation. Moreover, Iceland hosts several subglacial volcanoes that lead to the formation of significant amounts of easily-weathered hyaloclastite (hydrated tuff-like breccia that is rich in volcanic glass, formed through water-lava interaction). Each of these variables would affect the partition of Sr between the solid and fluid phases. Moreover, the relative contributions of mineral and oxyhydroxide dissolution need to be more accurately quantified before firm flux estimates can be made. Despite these uncertainties, the magnitude of these deviations in 87 Sr/ 86 Sr from a two component mixing curve is clear evidence that the reactions of particulate material upon arrival in coastal waters are a significant contributor to the global cycle of Sr.
Conclusions
These results represent the first direct evidence that the weathering of riverine particulate material upon arrival in coastal areas makes a significant contribution to the overall Sr chemistry of seawater over geological timescales. This is significant as marine 87 Sr/ 86 Sr values are a default tool for estimating weathering rates over geological time. Moreover, this evidence demonstrates that we may have underestimated the elemental mass of material being transferred from the continents to the oceans. The feedback between climate and weathering is commonly quantified based upon the mass of the alkali earth metals Ca and Mg transferred from the continents to the oceans during weathering, which consume atmospheric CO 2 both during chemical weathering and the precipitation of carbonates (e.g. Walker et al., 1981; Berner et al., 1983; Berner, 2004; Berner and Kothavala, 2001; Wallmann, 2001) . If Ca and Mg behave in a similar fashion to Sr, then the feedback between climate and weathering is stronger than previously presumed (Eiriksdottir et al., 2013) . As the overwhelming mass of sparingly soluble bio-limiting nutrients such as Fe and P are brought to the oceans in particulate form, the dissolution of these particulates in seawater could provide a new stronger link between continental weathering and marine primary productivity. Experimental and field studies demonstrate that elements such as Nd are similarly released from particulate material into seawater, despite its preference for the solid phase (e.g. Pearce et al., 2013; Singh et al., 2012) . Such observations suggest that particulate weathering in estuaries is a major contributor of these and other elements to seawater, lending weight to the "Boundary Exchange" hypothesis where sedimentseawater reactions in shelf environments are a significant source of the dissolved constituents in seawater (Jeandel, 1993; Lacan and Jeandel, 2005; Jeandel, 2007 Siddall et al., 2008; Arsouze et al., 2009; Horikawa et al., 2011; Cater et al., 2012; Wilson et al., 2012) . These findings also add weight to previous studies, where current land-to-ocean fluxes are proposed to be out of equilibrium following a recent deglaciation (Vance et al., 2009 ). As glacial retreats expose substantial quantities of finely ground material, the reactions of the particles in seawater provide an efficient mechanism for the enhanced global weathering rates in addition to changes in the dissolved transport. Anthropogenic changes to sediment fluxes through soil erosion and the damming of rivers are likely to affect elemental and nutrient fluxes to coastal waters to a much greater extent than has been previously considered, which may have deleterious consequences for coastal ecosystems.
